Objective-Angiotensin II (AngII) signal transduction in vascular smooth muscle cells (VSMC) is mediated by reactive oxygen species (ROS). Cyclophilin A (CyPA) is a ubiquitously expressed cytosolic protein that possesses peptidyl-prolyl cis-trans isomerase activity, scaffold function, and significantly enhances AngII-induced ROS production in VSMC. We hypothesized that CyPA regulates AngII-induced ROS generation by promoting translocation of NADPH oxidase cytosolic subunit p47phox to caveolae of the plasma membrane. Approach and Results-Overexpression of CyPA in CyPA-deficient VSMC (CyPA −/− VSMC) significantly increased AngIIstimulated ROS production. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase inhibitors (VAS2870 or diphenylene iodonium) significantly attenuated AngII-induced ROS production in CyPA and p47phox-overexpressing CyPA −/− VSMC. Cell fractionation and sucrose gradient analyses showed that AngII-induced p47phox plasma membrane translocation, specifically to the caveolae, was reduced in CyPA −/− VSMC compared with wild-type-VSMC.
O xidative stress, through increased reactive oxygen species (ROS) production, contributes to the pathogenesis of many cardiovascular diseases. Angiotensin II (AngII) is a potent vasoconstrictor that mediates ROS production in vascular smooth muscle cells (VSMC). 1 Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is the major enzyme system regulating ROS production in VSMC in response to AngII. 2 NADPH oxidase consists of cytosolic (p47phox, p67phox, rac1) and membrane (Nox family) subunits. 3 Translocation of the regulatory subunit, p47phox, to the plasma membrane (in particular the caveolae) and assembly with other subunits of NADPH oxidase are required for its full activation. 4 Many cellular functions are regulated by actin cell cytoskeleton dynamics and remodeling. Actin cell cytoskeleton polymerization into filamentous actin is a fundamental process for cell shape and migration. Growth factors, cytokines, and hormone-regulated signaling cascades are transmitted by cell cytoskeleton dynamics, in which stress fiber formation, filamentous actin bundling, and association with actin-binding proteins are required for specific cellular processes, such as ROS production, cell migration, and cell proliferation. 5 AngII-induced stress fiber formation in VSMC is required for vascular remodeling. 6, 7 Furthermore, the interaction between p47phox and the cell cytoskeleton regulates its plasma membrane translocation. 8 Within minutes of AngII stimulation, cell cytoskeleton associates with p47phox, resulting in NADPH oxidase activation and increased ROS production. 9 Cyclophilin A (CyPA, encoded by the Ppia gene) is a ubiquitously expressed protein that was first identified as the intracellular ligand for the immunosuppressive drug cyclosporine A (CsA). 10 It has several cellular functions, including protein folding, 11, 12 intracellular trafficking, 13 signal transduction, 14 and transcription regulation, 15 through its enzymatic peptidylprolyl cis-trans isomerase (PPIase) activity and nonenzymatic scaffold function. It is a mediator in AngII-regulated cardiovascular diseases, including abdominal aortic aneurysm formation and cardiac hypertrophy. 16, 17 We previously reported that AngII-induced ROS production was significantly inhibited in the aorta of apolipoprotein E and CyPA deficient (ApoE -/-CyPA -/-) mouse and in cultured VSMC, suggesting that CyPA played a role in ROS formation. 16 Furthermore, overexpression of intracellular CyPA enhanced ROS production in endothelial cells. 18 Most importantly, CyPA has been shown to be a cell cytoskeleton-binding protein 19, 20 by which it can regulate neutrophil migration 21 and tumorogenesis 22 by regulating actin polymerization. The role of intracellular CyPA in AngIIinduced ROS production in VSMC is still unknown. Here, we tested the hypothesis that intracellular CyPA is required for AngII-induced ROS generation by mediating p47phox plasma membrane translocation (specifically to the caveolae) by association with p47phox and the cell cytoskeleton.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

CyPA Is Essential for AngII-Induced ROS Production in VSMC
To investigate the role of CyPA in AngII-induced ROS production, we used lentivirus to express Flag-tagged CyPA (Flag-CyPA) in VSMC. In Flag-CyPA lentivirally transduced CyPA knockout VSMC (CyPA −/− VSMC), AngII-induced ROS production was dramatically increased with a peak at 10 minutes, and sustained levels were observed ≤30 minutes (0.8±0.7 versus 3.2±0.6 and 3.1±0.67 mean fluorescence intensity at 0, 10, and 30 minutes, respectively) compared with vector-transduced cells ( Figure 1A ). To determine the role of p47phox in CyPAmediated ROS production, we used hemagglutinin-p47phox and Flag-CyPA lentivirally transduced CyPA −/− VSMC. Overexpression of p47phox alone did not increase AngIIinduced ROS generation. However, in p47phox and CyPA cotransduced cells, ROS production was dramatically increased compared with CyPA-transduced cells ( Figure 1B) , suggesting that CyPA is critical for AngII-induced ROS production in VSMC. Furthermore, to prove that NADPH oxidase is the major enzyme involved in p47phox and CyPA-regulated ROS production, p47phox and CyPA cotransduced cells were pretreated with the NADPH oxidase inhibitor VAS2870 (which interferes with the assembly of NADPH Nox subunits) or diphenylene iodonium ( Figure 1C ). We observed that NADPH oxidase inhibition dramatically decreased AngII-induced ROS production.
CyPA Is Required for AngII-Induced p47phox Translocation to Caveolae
To investigate the role of CyPA in AngII-induced p47phox translocation to the plasma membrane, subcellular fractionation studies were performed using wild-type (WT) and
CyPA −/− VSMC. Consistent with previous observations, 23 our study showed a low basal level of p47 phox at the plasma membrane that was increased by AngII in a time-dependent manner in WT-VSMC (Figure 2A and 2B). In contrast, in CyPA −/− VSMC, p47phox membrane translocation was significantly inhibited. Total p47phox expression level in WT and CyPA −/− VSMC measured by Western blot showed no dramatic differences in these cells ( To confirm the subcellular fractionation data, we performed immunofluorescence analyses in WT and CyPA −/− VSMC. We could not use currently available CyPA antibodies for immunofluorescence study because each exhibited high levels of nonspecific binding in murine VSMC. Therefore, fluorescein isothiocyanate-conjugated phalloidin that detects polymerized filamentous actin (F-actin) was used to observe cell morphology. As shown in Figure IIA through Figure IIL in the online-only Data Supplement, p47phox, under basal conditions, was localized in the cytosol and the nucleus in both WT and CyPA −/− VSMC. After stimulation with AngII, there was a significant translocation of p47phox with F-actin to the plasma membrane in WT-VSMC. In contrast, no p47phox membrane translocation was observed in AngII-induced CyPA −/− VSMC. Furthermore, well-organized actin filaments that seemed to include membrane-associated subcortical actin structures were observed in WT-VSMC. AngII stimulation changed actin stress fibers in 2 ways: an apparent condensation of the fibers and a relatively greater concentration in the subcortical actin associated with the plasma membrane. In contrast, CyPA −/− VSMC exhibited thinner actin stress fibers with less subcortical actin. Furthermore, in response to AngII stimulation, the actin fibers exhibited less alignment relative to each other. This suggests roles for CyPA in maintaining normal stress fiber organization in VSMC and mediating several changes associated with AngII stimulation.
Finally, to analyze the role of CyPA in p47phox translocation to caveolae in VSMC, we used sucrose density gradient centrifugation to purify caveolae and noncavelae fractions. 24 Under basal conditions, p47phox and CyPA are mainly localized in the noncavelae fractions (45% sucrose fractions, numbers 8-12; Figure 2C and 2D and Figure IIIA and IIIB in the online-only Data Supplement). In WT-VSMC, on AngII stimulation a significant amount of p47phox and CyPA was observed in caveolae-containing fractions (35% sucrose fractions, numbers 4-7). There was no p47phox detected in caveolae fractions of CyPA −/− VSMC, indicating that AngII-induced p47phox translocation to the caveolae is CyPA dependent. To provide further evidence, CyPA −/− VSMC were transduced with Flag-CyPA lentiviral particles and analyzed by sucrose gradient fraction method. After AngII stimulation, p47phox and Flag-CyPA translocated to caveolae fractions in Flag-CyPA-overexpressing CyPA −/− VSMC ( Figure 2E and 2F and Figure IIIC and IIID in the online-only Data Supplement), further indicating that CyPA is necessary for AngII-induced p47phox translocation to the caveolae.
AngII Increases CyPA and p47phox Interaction in VSMC
To understand whether p47phox can interact with CyPA for its translocation to the caveolae, we first performed immunofluorescence study in rat aortic smooth muscle cell. Under basal conditions, p47phox exhibited a punctate pattern in the cytosol and was present in the nucleus as well ( Figure 3A ). Interestingly, CyPA exhibited nuclear and cytosolic localization, which was associated with linear structures that resembled actin filaments in the cytosol ( Figure 3B ). The merged image showed that there was intense nuclear colocalization of CyPA and p47phox ( Figure To provide further evidence that AngII increased CyPA interaction with p47phox, immunoprecipitation analysis was performed. There was a significant increase in CyPA and p47phox interaction in response to AngII ( Figure 3I and 3J ). There were no changes in CyPA and p47phox levels during this short time course ( Figure VA in the online-only Data Supplement). To further confirm CyPA and p47phox interaction, we used murine VSMC that constitutively expressed Flag-CyPA. 25 Similarly, the interaction between CyPA and p47phox was increased by AngII ( Figure VB and VC in the online-only Data Supplement). To determine the role of caveolae in CyPA and p47phox interaction, VSMC were pretreated with methyl-β-cyclodextrin, which alters cholesterol distribution and disrupts caveolae formation or methyl-β-cyclodextrin and cholesterol to normalize cholesterol distribution, resulting in reconstitution of caveolae ( Figure 3K and 3L). Methyl-β-cyclodextrin inhibited basal levels as well as AngII-induced CyPA and p47phox association, compared with vehicle-treated cells. As expected, in methyl-β-cyclodextrin and cholesterol-treated cells, CyPA and p47phox association was observed at a similar level to vehicle-treated cells.
CyPA Is Required for AngII-Induced p47phox Association With the Cell Cytoskeleton
Based on the findings of the immunofluorescence studies in WT and CyPA −/− VSMC, we hypothesized that CyPA is required for p47phox association with the cell cytoskeleton. To test this hypothesis, the distribution of p47phox and CyPA in cytoskeletal (F-actin) and cytosolic fractions (globular actin) was analyzed by Western blot. In unstimulated WT-VSMC, CyPA and p47phox were present in both fractions ( Figure 4A-4C) . AngII stimulation increased p47phox association with F-actin. However, CyPA association with F-actin was not significantly increased by AngII. In contrast, CyPA −/− VSMC exhibited almost no p47phox in F-actin, whereas there were similar levels of p47phox in the cytosolic fractions of WT and CyPA −/− VSMC. To confirm these observations, we used cytochalasin B (CytB) to inhibit actin polymerization. CyPA and p47phox interaction was significantly inhibited under basal conditions in CytBtreated cells as well as in AngII-treated cells compared with vehicle control cells ( Figure 4D and 4E ). In addition, CytB also inhibited CyPA and actin association, suggesting that actin polymerization was required for p47phox and CyPA association with F-actin. CytB did not affect the total protein expression levels ( Figure VI 
p47phox Phosphorylation and PX Domain Regulate AngII-Induced CyPA and p47phox Interaction
Previously, it was reported that protein kinase Cδ activation was required for AngII-induced p47phox phosphorylation in VSMC. 26 To understand whether p47phox phosphorylation was required for AngII-induced CyPA and p47phox association, we used the protein kinase Cδ-selective inhibitor, Rottlerin, to inhibit p47phox phosphorylation. Preincubation with Rottlerin significantly inhibited AngII-induced CyPA and p47phox interaction ( Figure 5A and 5B ). However, CyPA and actin association was not affected by Rottlerin. Rottlerin did not affect the total protein expression levels ( Figure VIIA in the online-only Data Supplement). To understand the role of phox homology domain (PX) in CyPA and p47phox association, we transduced lentiviral particles that expressed either full-length or PX domain deletion mutant p47 (p47phoxΔ) into rat aortic smooth muscle cell. Immunoprecipitation studies showed that the deletion of the PX domain attenuated AngII-induced CyPA and p47phox association ( Figure 5C and 5D ), suggesting that CyPA interacts with p47phox through PX domain of p47phox. The expression of full-length or PX mutant was measured by Western blot, which showed equivalent levels ( Figure 5C, bottom) .
CyPA PPIase Activity Is Required for CyPA and p47phox Interaction
To evaluate the role of CyPA PPIase activity, we used PPIase inhibitor CsA. CsA significantly decreased AngII-induced CyPA and p47phox interaction, whereas it had no effect on CyPA and actin association ( Figure 6A and 6B) . Total protein expression levels were not affected by CsA ( Figure VIIIA in the online-only Data Supplement). To confirm this result, we used the CyPA-PPIase mutant R55A (arginine 55 replaced by alanine) or CyPA-WT lentiviral transduction. As shown in Figure  6C and 6D, R55A mutant significantly inhibited AngII-induced CyPA and p47phox interaction. The expression level of WT and R55A-CyPA measured by Western blot showed equal expression ( Figure VIIIB in the online-only Data Supplement). We next confirmed this result by transfecting WT-CyPA or R55A-CyPA expression plasmids into HeLa cells that constitutively expressed the AngII type 1 receptor. Equivalent findings were observed as in VSMC ( Figure VIIIC and VIIID in the online-only Data Supplement). Furthermore, CsA inhibited AngII-induced p47phox and CyPA translocation to the caveolae (Figure IXA-IXD in the online-only Data Supplement). All these data suggest that PPIase activity is required for the interaction between CyPA and p47phox and translocation to the caveolae.
Discussion
The major finding of this study is the critical role of intracellular CyPA in AngII-induced p47phox translocation to the caveolae and ROS generation in VSMC. Until the present study, it was not well understood how the translocation of p47phox to the caveolae occurs. Our model ( Figure X in the onlineonly Data Supplement) shows 3 roles for intracellular CyPA in regulating AngII-stimulated ROS production. First, CyPA binds to actin filaments to stabilize cell cytoskeleton polymerization. Second, CyPA interacts with p47phox and, third, the interaction promotes p47phox translocation to caveolae.
p47phox plays an important role in ROS production in different cell types in response to various stimuli, including AngII. 23, 27 Previous findings from our laboratory showed that knockdown of CyPA in VSMC dramatically inhibited AngIIinduced ROS generation. 16 Based on these findings, we postulated a link between CyPA and p47phox activation, leading to ROS production. Using CyPA and p47phox overexpression approaches in CyPA −/− VSMC, we demonstrated that CyPA is necessary for AngII-induced ROS generation. Furthermore, we showed that NADPH oxidase is the major enzyme involved in CyPA-regulated ROS production. Previous study demonstrated that translocation of CyPA to the caveolae is required for membrane-initiated signaling, such as endothelial nitric oxide synthase activation. 24 Furthermore, ROS-dependent AngII signaling initiates in the caveolae the microdomain required for the subcellular location of NADPH oxidase subunit assembly and activation that results in ROS production. 4 Our knockout and rescue experiment using CyPA lentivirus and sucrose gradient analysis proved that CyPA is necessary for AngII-induced p47phox translocation to the caveolae. Furthermore, caveolae disruption and reconstruction provide further evidence that caveolae is the structure where p47phox and CyPA interact.
ROS is locally generated at different compartments of the cell through interaction with cell cytoskeleton proteins. For example, p47phox binding with the cell cytoskeletonassociated protein Wiskott-Aldrich syndrome protein-family verprolin-homologous protein-1 localized it to membrane ruffles, scaffold protein isoleucine glutamine-motif containing GTPase activating protein is required for lamellipodia formation, and tumor necrosis factor receptor-associated factors-4 and p47phox target ROS production at the focal adhesion complex. 4, 28 It was already reported that p47phox is an actinbinding protein. 8 Interestingly, CyPA localization pattern is similar to the actin cell cytoskeleton structure, and it colocalized with p47phox. In addition, we observed a disorganized cell cytoskeleton structure in CyPA −/− VSMC, indicating the possible role of CyPA in actin stabilization and polymerization. Furthermore, AngII-induced stress fiber formation is completely inhibited in CyPA −/− VSMC compared with WT, suggesting that CyPA-dependent stress fiber formation in VSMC is the secondary effect of actin polymerization. Cell cytoskeleton analysis results showed that AngII increased p47phox and actin binding in WT, which confirmed a previous finding. 9 In contrast, CyPA deficiency inhibited p47phox and actin binding, indicating that CyPA is a mediator in this process. Although there was no dramatic effect on CyPA and actin binding by AngII, inhibition of actin polymerization by CytB attenuated CyPA and p47phox or actin interaction, suggesting that actin polymerization is required for CyPA association with p47phox and actin. A previous study showed that inhibition of actin polymerization by CytB decreased AngIIinduced ROS production in VSMC. 9 Recently, Lv et al 26 demonstrated that actin dynamism is required for AngII-induced ROS generation in VSMC. In addition, knockdown of CyPA in U2OS cells showed actin structure disorganization, resulting in decreased cell migration and proliferation. 22 Previous findings from our laboratory showed that a depletion of CyPA from VSMC inhibited cell migration and proliferation. 25 Based on these findings, we conclude that CyPA-dependent ROS production, cell migration, and proliferation in VSMC were, in part, because of its effects on cell cytoskeleton polymerization and remodeling.
Recently, much evidence indicates that ROS production within the nucleus is required for ROS-dependent gene transcription. 29 We observed both p47phox and CyPA within the nucleus in VSMC under basal conditions as well as after AngII stimulation in agreement with previous reports. 8, 30 Our data support a possible role for CyPA and p47 phox nuclear colocalization in the generation of localized nuclear ROS production and ROS-dependent gene transcription. Further studies will be required to reveal downstream target genes involved in this process.
p47phox contains a PX, which functions as a protein-protein interaction domain, and Src-homology 3 domains, which consist of conserved proline-rich motifs. p47phox binds to cytoskeletal proteins, such as moesin, through its PX domain. When p47phox is phosphorylated in response to stimuli, the interaction of the SH3 domain with its autoinhibitory region switches and exposes SH3 domain and PX to allow interaction with target proteins. 31 When we inhibited p47phox phosphorylation, it significantly attenuated CyPA and p47phox interaction. We conclude that p47phox phosphorylation is required to expose its domains for CyPA interaction. Furthermore, PX domain deletion also attenuated their interaction, suggesting that CyPA interacts with p47phox at least through its PX domain. Thus, both p47phox phosphorylation and interaction via the PX domain are necessary for their interaction.
CyPA was first recognized as the intracellular ligand for the immunosuppressive drug CsA in T cells, and it was demonstrated that PPIase activity was required for its association. 10 Binding of CsA to CyPA inhibits the interaction of CyPA with several proteins, such as Itk. 14 When we treated VSMC with CsA, CyPA and p47phox binding, as well as their translocation to caveolae, were inhibited. Furthermore, mutation of arginine 55 to alanine (R55A) that inhibits PPIase activity 32 decreased AngII-induced CyPA and p47phox association, suggesting that PPIase activity is required for their interaction. However, we observed that R55A failed to inhibit CyPA and actin binding, indicating that PPIase activity is not required for the interaction of CyPA with actin. Other reports demonstrated that the binding of CyPA to dynein and tubulin in mouse fibroblast cells was PPIase independent, but required the PPIase domain. 20 In conclusion, the present data reveal a new mechanism for AngII-induced ROS generation involving CyPA. We believe that CyPA is a fundamental protein required for actin stabilization in VSMC that enables basal ROS production necessary for cell proliferation and survival. However, under various stress conditions (eg, AngII stimulation), CyPA and p47phox association is enhanced, resulting in translocation to plasma membrane and subsequent ROS production. Therefore, a drug that targets CyPA and p47phox association (eg, PPIase Figure 6 . Cyclophilin A (CyPA) peptidyl-prolyl cistrans isomerase (PPIase) activity is required for CyPA and p47phox interaction. A and B, Rat aortic smooth muscle cell (RASMC) were pretreated with PPIase inhibitor cyclosporin A (CsA 1 µmol/L) for 1 hour and stimulated with angiotensin II (AngII; 10 -7 mol/L) for 10 minutes followed by immunoprecipitation and Western analysis to detect CyPA and p47phox or actin interaction. C and D, CyPA-Wildtype (WT) or PPIase mutant (R55A) lentiviral particles were transduced into RASMC, and immunoprecipitation and Western analysis were performed. Data are from 3 separate experiments and show mean±SEM. *P<0.05 vs 0 minute; #P<0.05 vs AngII.
inhibitor CsA or its analog) 33 may be useful to prevent or treat AngII-and ROS-mediated cardiovascular diseases.
Oxidative stress is one of the mechanisms involved in cardiovascular disease formation. Understanding the mechanism that regulates oxidative stress is crucial for preventing diseases, such as abdominal aortic aneurysm formation, vascular remodeling, and cardiac hypertrophy. Our study demonstrates that cyclophilin A regulates angiotensin II-induced increased reactive oxygen species generation in vascular smooth muscle cells by interaction of cyclophilin A with p47phox and cell cytoskeleton and translocation to the caveolae. These findings suggest that cyclophilin A may be a potential therapeutic target to limit reactive oxygen species generation in cardiovascular diseases.
Significance
